Abstract Sulphate was reduced via sulphide to sulphur when operating a single-stage completely mixed reactor configuration feeding synthetic feed. The aim of this study was to determine the volumetric and specific sulphate reduction rates using sugar, ethanol and methanol as a carbon and energy sources. The presented results indicated that sugar and ethanol were found to be suitable carbon and energy sources resulting in a volumetric and a specific sulphate reduction rate of 10.4 and 4.8 g SO 4 /(l.d) and 0.8 and 2.8 g SO 4 /(gVSS.d), respectively, at a Hydraulic Retention Time (HRT) of 3.6 h and at ambient temperature (21ºC). Methanol induced methanogenesis rather than sulphidogenesis. The experimental sulphide/sulphate ratio was consistently lower than the theoretical value which indicated that part of the formed sulphide was oxidized to sulphur.
Introduction
Over the past 10 to 15 years the accent for sulphate removal from wastewater streams has moved away from the traditional chemical treatment to the biological treatment. It has been proven that sulphate can be removed biologically Strydom, 1985, Maree et al., 1986) , provided that a suitable carbon source is available, such as lactic acid (Middleton and Lawrence, 1977) . Omil et al. (1997) described the use of acetate and other Volatile Fatty Acids (VFA) but found that the competition between sulphate reducing (SRBs) and methanogenic bacteria (MB) was in favour of methane, rather than sulphide production. Visser (1995) , however, showed that the reactor pH of higher than 7.5 shifted the competition in favour of the SRB. Swezyk and Pfennig (1990) indicated that ethanol can be used as a carbon and energy source, but also described competition between SRB and MB. O'Flaherty et al. (1997) found that ethanol and short chain VFA, such as propionate and butyrate was degraded faster by SRB when enough sulphate was present in the reactor. A cheaper possible chemical to be used is methanol (Braun and Stolp, 1985) , although they described that methanol can only be used as an electron donor and that an additional carbon source is needed. Tsukamoto and Miller (1999) showed that methanol could be used as a carbon source for microbiological treatment of acid mine drainage. Van Houten (1996) proved that 30 g SO 4 /(l · d) could be removed in an upflow anaerobic sludge blanket reactor, using a combination of CO 2 /H 2 gases as a carbon and energy source.
The aims of this study were to determine the volumetric and specific sulphate reduction, and the sulphide removal rates, when using sugar, methanol and ethanol as carbon and energy sources in a single stage completely mixed reactor system at decreased HRTs.
Materials and methods

Reactor configuration
Three similar completely mixed reactor systems, comprising of a reactor (volume 15 l) and a clarifier (volume 15 l) were operated (Figure 1 ). The reactors received synthetic feed, in which the sulphate as CaSO 4 and the COD concentrations were 1500 mg/l, each. The COD was added as: sugar, technical ethanol and technical methanol (1 ml per l feed, Crest Industries, Johannesburg). The feed was supplemented with both macro nutrients (75 mg/l ammonia-N and 15 mg/l orthophosphate-P) and micro nutrients (100 µg/l Fe, 210 µmg/l Co, 0.28 µg/l Mn, 0.44 µg/l V, 0.25 µg/l Ni, 0.48 µg/l Zn, 0.40 µg/l Mo, 0.18 µmg/l B, 0.37 µg/l Cu). The reactors were initially inoculated with anaerobic sludge obtained from the local municipal sewage treatment plant which thereafter became conditioned for sulphate removal. Both reactor and clarifier were open to the atmosphere to allow for air contact. The reactors were operated at room temperature (21ºC). The decreased HRT determined the experimental periods, when sugar and ethanol were used (Table 1) . When using methanol the HRT was contant at 24 h. When sugar was used, the feed pH was around 4. Initially a pH controller was installed to maintain the reactor pH at 7.5 by adding a NaHCO 3 solution. However, once the sulphate reduction had started, sufficient alkalinity was produced and the reactor pH could be maintained at value between 7 and 8.
Analytical
Determinations of sulphate, sulphide, COD, alkalinity, calcium and pH were carried out according to standard analytical procedures as described in Standard Methods (APHA, 1985) . With the exception of sulphide and feed COD, all analyses were carried out on filtered samples (Whatman #1). The acidity determination of the feed was done by titrating with 0.1 N NaOH to a pH of 9.0. The COD samples were pre-treated to eliminate the sulphide contribution to the COD concentration.
Results and discussion
The results of Table 2 illustrate that sugar and ethanol are suitable carbon and energy sources for sulphate reduction but not methanol. The suitability of sugar as a carbon and energy source for biological sulphate reduction in a complete-mix reactor is shown by the following:
Reaction rate. The volumetric and specific sulphate reduction rates (maximum) were determined to be 10.4 g SO 4 /(l · d) and 0.79 g SO 4 /(gVSS · d) respectively. The volumetric sulphate reduction rate increased from 0.6 to 10.4 g SO 4 /(l · d) and the specific sulphate reduction rate increased from 0.08 to 0.79 g SO 4 /(gVSS · d) when the HRT decreased from 24 to 3.6 h. The increase in the volumetric sulphate reduction rate can be ascribed to the gradual VSS increase from 7.9 to 13.3 g/l, while the increase in the specific sulphate reduction rate is due to adaptation of the biomass. When sugar is the carbon and energy source, the SRB can utilize the sugar and produce hydrogen according to reactions (1) and (2) C 12 H 22 O 11 +5H 2 O+4SO 4 2-⇒4CO 2 + 8H 2 + 4HS -+8HCO 3 -+4H + (1)
When sulphate in the presence of sugar is reduced in one step to elemental sulphur, the reaction is as follows: The sulphide oxidizing bacteria can in the presence of air oxidize the produced sulphides to elemental sulphur according to reaction (4): .2 h respectively) and smaller than 0.8 (0.49 and 0.48) for retention times less than 5 h (4.8 h and 3.6 respectively). The higher COD used /sulphate removed -ratios measured at longer retention times indicated that a portion of the organic carbon was not utilised for sulphate reduction but possibly fermented to methane by the methanogens. Visser's results (1995) indicated that the SRB are more competitive at longer rather than at shorter retention times, whereas in this study the results showed that at shorter residence times lower COD used / sulphate removed -ratios were measured, thus that the faster growing SRB out-competed the slower growing MB for the available carbon in solution. The better COD utilisation at shorter residence times can possibly be ascribed to the utilisation of H 2 (reaction 2), as hydrogen is consumed by SRB when excess sulphate is present (Visser et al., 1993) . The low COD removed /sulphate removed values of 0.49 and 0.48 at HRT of 4.8 and 3.6 h, respectively, can be contributed to the fact that the sulphate was immediately reduced to sulphur (reaction 3).
Sulphide produced /sulphate removed ratio The theoretical value for sulphide produced /sulphate removed ratio is 0.33 and 0.00 when sulphate is reduced to sulphide (reaction 1) and sulphur (reaction 3) respectively. Sulphide can be oxidised by aerobic bacteria (reaction 4). The experimental sulphide produced / sulphate removed varied between 0.06 and 0.14. The fact that the actual values were between the theoretical values for sulphide and sulphur as end-products indicated that only a portion of the sulphate is reduced to elemental S via sulphide, while the balance of the reduced sulphate remained in the sulphide form. The low sulphide concentrations could be contributed to the sulphide oxidation to sulphur. This result was confirmed by the formation of a yellowwhite layer (sulphur) on top of the clarifier during the experiment. It appeared (although not clearly), that the sulphide produced /sulphate removed ratio increased when the HRT decreased. At decreasing HRT from 24 to 3.6 h, using ethanol, the sulphide produced /sulphate removed ratio increased from 0.1 to 0.19. These results indicated that sulphide, produced from sulphate, can completely be converted to sulphur, provided that the HRT is not too short. It can be concluded that under the specific reaction conditions, the volumetric reaction rate of sulphide oxidation to sulphur is slower than the volumetric sulphate reduction rate, resulting in un-oxidised sulphide in the effluent. The lower rate of sulphide oxidation than sulphate reduction at lower HRT may also be explained by oxygen limitation. The available air in the reactor is due to air diffusion from the top of the clarifier into the reactor system. The DO concentration in the reactor when measured was almost 0%, indicating that the reactor was anaerobic. Janseen (1997) found that under conditions when the oxygen concentration is such that the molar ratio (O 2 /S 2-) consump is between 0.5 1 2 and 1.0, thiosulphate and sulphur are produced. He stated that maximal sulphur production was obtained at (O 2 /S 2 ) consump between 0.6 and 1.0. Thus, a better sulphide oxidation rate could have been obtained at lower HRT if a small amount of air or oxygen had been added to the reactors. However, if excessive amounts of oxygen are added the produced sulphur will be oxidized to sulphate. Efficient sulphide oxidation is beneficial to the biological sulphate reduction process as high levels of sulphides are toxic to SRB and may cause instability in the process (Oleszkiewicz and Hilton, 1986) .
Alkalinity/sulphate ratio The theoretical alkalinity/sulphate ratio is 1.04 (Reaction 1). The actual values varied from 1.7 (when the HRT was 24 h) to less than 0.56 (when the feed rate was 4.8 and 3.6, respectively). The high value of 1.7 was due to the dosage of bicarbonate during the initial period to neutralize the acidic feed. The low values were due to the fact that acid water was fed directly. Due to the production of alkalinity and the availability of Ca ++ (feed), CaCO 3 precipitated which could be observed as deposits in the reactors and tubing.
Methanol
Methanol was not suitable for sulphate reduction (reaction 5 and 6). Using methanol the sulphate reduction rate was only 0.2 g SO 4 /(l · d). The actual COD used /sulphate removed value of 6.6 (Table 2) was much higher than the theoretical value of 0.67 when sulphide is the endproduct or 0.5 when sulphur is the end-product. This indicated that other micro-organisms were competing for the same COD in the anaerobic reactor. Oremland and Polcin (1982) showed that the MB out-compete SRB for methanol. Visser (1995) stated that in the anaerobic degradation of organic matter in the presence of sulphate, the released electrons (in terms of COD) are used by SRB and MB. When hydrogen is the available substrate the SRB will out-compete the MB. When neither substrate is present, the available methanol will be used for methanogenesis (reaction 7) and not for sulphate reduction. This finding differs from the results from Weijma et al. (1999) who obtained a sulphate reduction rate of 11 g SO 4 /(l · d) at a HRT of 3 h, with methanol as the carbon and energy source. However, they operated under thermophilic conditions (65ºC), whereas this investigation was carried out under mesophilic conditions (22ºC). The different results can be ascribed to the difference in affinity for methanol as substrate between mesophilic and thermophilic SRB. 
Sulphide produced /sulphate removed ratio. The actual sulphide/sulphate ratio of 0.13, which is greater than 0 (sulphide produced /sulphate removed ratio when sulphur is the end-product) but less than 0.33 (sulphide produced /sulphate removed -ratio when sulphide is the end-product), indicated that both sulphur and sulphide are formed as end-products.
Ethanol
Ethanol, like sugar, is a suitable carbon and energy source for biological sulphate reduction in a complete-mix reactor.
Reaction rate. The volumetric and specific sulphate reduction rates (maximum) were determined to be 6.6 g SO 4 /(l · d) and 2.8 g SO 4 /(g VSS · d) respectively. The volumetric sulphate reduction rate increased from 2.5 to 6.6 g SO 4 /(l · d) when the HRT decreased from 24 to 4.8 h and the specific sulphate reduction rate from 1.2 to 2.8 g SO 4 /(g VSS · d). With ethanol the volumetric sulphate reduction rate was higher (2.8 g SO 4 /(g VSS · d) than in the case of sugar (0.8 g SO 4 /(g VSS · d). This is due to the lower VSS-concentration in the case of ethanol (1.7 to 2.6 g/l) than in the case of sugar (7.9 to 13.2 g/l). 
General
The specific sulphate reduction rates, using sugar (0.79 g SO 4 /(g VSS · d)) and ethanol (2.8 g SO 4 /(g VSS · d)) are higher than the value of 0.03-0.13 g SO 4 /(g VSS · d) obtained from other studies (Olthof et al., 1985) . This can be ascribed to the production of hydrogen, when both sugar and ethanol are degraded, resulting in a high reaction rate. Also the relative low sulphide concentration in solution in the single-stage process contributed to the obtained reults, as high sulphide concentrations are toxic to SRB.
Conclusions
The following conclusions were made from the investigation. 1. Sugar and ethanol were found to be suitable carbon and energy sources for sulphate reduction. The volumetric and specific sulphate reduction rates (maximum) for sugar were determined to be 10.4 g SO 4 /(l · d) and 0.79 g SO 4 /(g VSS · d) respectively. The corresponding rates for ethanol were determined to be 6.6 g SO 4 /(l · d) and 2.8 g SO 4 / (g VSS · d) respectively. 2. Methanol was not suitable as carbon and energy source for sulphate reduction, due to the fact that the methanogenic bacteria dominated the sulphate reducing bacteria. 3. Optimum utilisation of the carbon and energy source was obtained at shorter residence times (less than 8 h). At long residence times (longer than 8 h), sulphate reducing bacteria were out-competed by methanogenic bacteria. 4. The reduced sulphate was converted to sulphide and to sulphur. Longer residence times favoured the production of sulphur as end-product over sulphide as end-product.
